Chemical dynamics of the Changjiang estuary by J.M.Edmond et al.
Continental Shelf Research, Vol. 4, Nos. 1/2, pp. 17 ~ 36, 1985. 0278--4343/85 $3.00 + 0.00 
Printed in Great Britain. © 1985 Pergamon Press Ltd. 
Chemical dynamics ofthe Changjiang estuary 
J. M. EDMOND,* A. SPIVACK,* B. C. GRANT,* Hu MINo-Htn,~ CHEN ZEXIAM,:~ 
CHEN SUNG~: and ZENG XIUSHAU~: 
(Received for publication 17 October 1984) 
Abstrsct--A reconnaissance of the chemical dynamics of the estuary and plume of the Changjiang 
was carded out on cruises in the summer of 1980 and the winter of 1981. In summer vigorous tur- 
bulence in the main channel of the inner estuary maintains high concentrations of suspended 
material in the surface layers which suppresses biological activity. Plankton blooms occur only on 
the inner shelf at salinities greater than about 20 ppt. In winter there is no significant photosynthetic 
activity over the entire mixing zone. Therefore a wide variety of inorganic processes can be studied 
in detail. 
Of the nutrients, nitrate is present in the river in very high concentrations and suffers only minor 
depletion i  the biologically active areas. The distribution of silica is similar. Phosphate shows major 
release from the suspended particles and complete depletion i  the plankton blooms. 
Among the trace elements, iron decreases rapidly to 5 ppt, beyond which mixing is conservative; 
comparison with the nutrient rends indicates that the element is chemically adsorbed onto the 
particulates. In contrast manganese undergoes desorption out to about 12 ppt beyond which it mixes 
conservatively. Copper and beryllium behave conservatively over the entire mixing zone while nickel 
and barium are desorbed rapidly at low salinity. Cadmium is undetectable in the river waters 
(< 10 pmol kg -t) but displays a broad desorptive maximum at intermediate salinities in the mixing 
zone.  
These data allow fluxes to be calculated for the net transport of dissolved material from the 
Changjiang Basin to the surface waters of the East China Sea and their comparison with those of 
other large rivers of the world. 
INTRODUCTION 
CONSTRUCTION of realistic chemical mass balances for the ocean requires quantitative 
knowledge of four distinct input processes: fluvial transport of the products of continental 
weathering; flux of wind-borne material; injection (and removal) rates of dissolved con- 
stituents during high temperature actions between seawater and basalts at oceanic spread- 
ing centers; and fluxes associated with the low temperature actions of seawater with the 
crust. At the present time, estimates of the relative importance of these various components 
are highly uncertain. In the case of the fluvial flux, the problem is compounded by the 
occurrence of non-conservative chemical and biological processes in the estuarine mixing 
zone. Adsorption, desorption, flocculation, biological uptake, and vertical transport exert a 
significant effect on a number of elements, changing the net flux of dissolved and particulate 
material to the oceans from that estimated using data from the river end-member alone. 
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Investigations of the chemical dynamics of estuaries are at the reconnaissance stage. Most 
of the existing information is for small systems often highly perturbed by anthropogenic 
factors such as hydrologic ontrol, dredging, and pollution. Of the major rivers of the world 
only the Amazon (EDMOND et aL, 1981; BOYLE et aL, 1982) and Congo (VAN BENNEKOM et aL, 
1978) have been studied in any detail. The NBO-NOAA program in the East China Sea thus 
presented a major scientific opportunity to investigate the net chemical input of the Chang- 
jiang to the world ocean. 
Some general principles concerning the chemical processes that occur during estuarine 
mixing can be derived from the previous studies of large plumes. Desorption and 
adsorption/flocculation reactions for barium and iron, respectively, occur rapidly upon the 
onset of mixing and are essentially complete by the time a salinity of 10 ppt is reached 
(EDMOND et aL, 1978; BOYLE et al., 1974). 
Biological uptake is controlled by the availability of light and by the degree of turbulence. In
effect his means that the determining parameter is the concentration of suspended material. 
In the Amazon and Orinoco productivity commences (as diatom blooms) when the 
particulate load has decreased to about 10 mg 1 -~ (MILLIMAN and BOYLE, 1975; EDMOND et 
al., 1981; EDMOND, unpublished data). The Congo is a major exception to this generalization. 
A sediment-poor 'black river', its mixing zone shows net respiration out to salinities of about 
30 ppt although the suspended load is always low (VAN BENNEKOM et al., 1978). There is no 
obvious explanation for this behaviour. 
Surface biological activity leads to the efficient removal of nutrients from the photic zone 
and their remineralization i the salt wedge below the halocline. In rivers which debouch onto 
open shelves this regeneration is essentially quantitative, l ading to substantial enrichments of
the nutrients in the bottom and interstitial waters (EDMOND et aL, 1981; DEMASrER et aL, 
1983). Transport of these nutrients with the mean flow can sustain high productivity in 
regions of coastal upwelling far from the original fluvial source; for example, the shrimp 
fishery off Surinam and Guiana, 800 km north of the mouth of the Amazon. 
METHODS 
With this information in mind, a sampling program was developed for the expeditions to 
the Changjiang estuary. Measurements were conducted where possible over the entire 
salinity range. Samples were collected for the determination f suspended weights, particulate 
concentrations of organic C, N, and P, the concentrations of the dissolved nutrients (PO~, 
NOr, NO~, and Si) and of the trace dements (Fe, Mn, Cu, Ni, Cd, Be, and Ba). The various 
analytical techniques are summarized inTable 1. This chemical program was implemented on 
Table 1. Analytical methods 
Nutrients Shipboard colorimetry ofMillipore filtered samples 
Cu, Ni, Cd, Fe, Mn APDC co-precipitation, tameless AA, Nuclepore filtered, acidified 
samples 
GC electron capture detection ffluorinated volatile chelate 
Plasma emission 
Gravimetery, Nuclepore filters, 0.45 lam 
Gas analyses (C,N), combustion from 1 lam glass fiber filters, colorimetric 
(P). 
Be 
Ba 
Suspended weight 
Particulate C,N, P 
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two cruises, in the summer (June 1980) and winter (November 1981) seasons of high and low 
discharge and biological productivity. 
The nutrients were analyzed on board ship at the anchor stations on the summer cruise 
every half hour or hour as time permitted. Usually both surface and bottom samples were 
collected. Profiles were also made in a grid around the mouth of the river at the beginning and 
end of the cruise. On the winter cruise only surface samples were collected. Much of the time 
the water column at the anchor stations was vertically well mixed with very small gradients in 
salinity and nutrients. Where stratification occurred, and in the prortles into the salt wedge on 
the shelf, there was no evidence of nutrient enrichment at depth. 
SUSPENDED MATERIAL CONCENTRATIONS 
Much of the mixing between the Changjiang and the surface waters of the East China Sea 
occurs in the long channel running along the southern coast of Chongming Island. A high 
tidal range results in a very energetic environment, with maximum flow velocities of over 5 kn 
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Fig. 1. Log suspended weight vs salinity for June 1980 (a) and November 1981 (b). 
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(BEARDSLEY et aL, 1985; MILLIMAN et aL, 1985). Thus the river-borne particulates are 
maintained in suspension i the surface layer to salinities >20 ppt (Fig. 1) with concentrations 
varying widely between 20 and 5000 mg 1-L At higher salinities there is a general decrease to 
values of around 10 mg 1 -m. Biological activity thus occurs only outside of the main channel 
on the open shelf where the more tranquil conditions allow the settling out of the suspended 
material. Dense plankton blooms then occur in the summer months upporting an important 
fishery. 
NUTRIENTS 
The nutrient data exhibit several remarkable features. Most striking are the very high 
nitrate values (Fig. 2). On the summer cruise the river end-member was about 65 I~mol 1 -]. In 
winter the values dropped slightly to between 40 and 50 Bmol 1-1. Nitrate behaves con- 
servatively during the summer out to about 18 ppt (Fig. 2). Thereafter, in the green waters of 
the plankton bloom, there is a slight depletion in the values indicating biological uptake and 
f "  ÷ 
5e , + ,+**  
+ 4-+ + 41+ ~"i~ 
÷ 4; ÷÷ =<.  
_. 
Z 3e 
28 
tO 
0 
O 
+ 
÷ 
+ 
÷ 
. . . . . . .  , , , • , . . . . .  
2 4 6 $ 18 12 |4  |6  |8  20 22 24 26 28 3e 32 34 
SAL IN ITY  
QQ 
50 
I.IJ 
I -  
<{ 4e 
I -  
• t O 
Z 
2e 
Fig. 2. 
(b) 
J0 
0 
e 
++ 
+ 
÷4. 
++ ti, + + + 
÷ 
*+ 
4- 
÷ 
. . . . . . . . . . .  i I I I I J 
2 4 (; 8 1i l  12 14 16 18 29  22 24 26 28 30 32 34 
SALINITY 
Nitrate vs salinity for June 1980 (a) and November 1981 (b). 
Chemical dynamics ofthe Changjiang estuary 21 
removal by settling across the halocline. Productivity is greatly suppressed in winter; nitrate 
shows simple conservative dilution across the salinity range sampled (to 32 ppt; Fig. 2). 
In the Changjiang the phosphate l vels, by contrast, are similar to those reported for other 
large tropical rivers (Fig. 3). However the data show considerable scatter and non- 
conservative behaviour. In the summer data set there is no obvious dilution trend in the range 
0 to 18 ppt but an almost complete removal at higher salinities. This suggests hat phosphate 
rather than nitrate is the limiting nutrient for biological productivity on the shelf. In winter the 
river values are less than half those in the summer (Fig. 3); concentration levels increase at 
low salinity and above 5 ppt are uniform although with considerable scatter. This behaviour is
indicative of extensive desorption reactions releasing phosphate from the suspended material. 
Similar behaviour has been documented in the Amazon (EDMOND et al., 1981; CHASE and 
SAYLES, 1980) and in the Congo (VAN BENNEKOM et al., 1978). 
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Silicate vs salinity for June 1980 (a) and November 1981 (b). 
The distribution of silica is very similar to that of nitrate (Fig. 4). The end-member con- 
centrations are typical of tropical rivers draining sedimentary terrains. In the summer con- 
servative behaviour is observed to approximately 20 ppt beyond which there is some depletion 
associated with diatom productivity. In winter silica is conservative over the entire salinity 
range providing definitive evidence that, despite very high concentrations of suspended 
material, no significant clay mineral or other 'reverse weathering' reactions involving silica 
take place on the time scale of estuarine mixing (Bins et al., 1958; MACKENZm and GAgl~ELS, 
1966; BOYLE et al:, 1974). The suppression of biological activity observed in the winter is pre- 
sumably the result of storm-driven turbulence and lower primary light levels. 
Ammonia was measured only on the winter cruise (Fig. 5). The river end-member values 
are tightly clustered at 0.75 pmol 1-1, increasing abruptly at the onset of mixing to concentra- 
tions of around 2 pmol l -~ at 2 ppt. The levels fluctuate about this value across the rest of the 
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Fig. 6. Nitrate vs salinity for June 1980 only. 
mixing zone. Presumably ammonium is desorbed from the suspended material as the ionic 
strength increases. 
In the summer the nitrite values in the low salinity region show a broad scatter from <0.01 
to 0.25 l~mol 1 -~ (Fig. 6). Beyond 18 ppt values as high as 0.50 l~mol 1 -~ are encountered 
associated with the plankton blooms. 
The concentrations of carbon, nitrogen, and phosphorous in the particulates show an 
overall consistency with the distributions of nutrients and suspended material. The levels are 
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constant at particulate concentrations >10mgg -~ (C:N:P=60:4:I) with compositions 
characteristic of terrestrial organic material and no significant difference between winter and 
summer (Fig. 7). The few points at low suspended weights are enriched in these lements with 
the composition of the increment (C :N :P  = 83 :8 .9 :1 )  approaching that typical of planktonic 
material. The summer data form a tight array for C :N vs log suspended weight (Fig. 8). A 
sample collected in the estuary in September 1978 falls on this trend. One carbon-depleted 
sample has an extremely low C :N ratio indicative of ammonium enrichment inthe clay frac- 
tion. Its origin is unknown; similar observations were made by MmLIMAN (personal com- 
munication). The winter data fall to higher C :N at a given suspended weight and show more 
scatter. Samples collected up river at Wuhun in late September 1978 (Hu et al., 1982) fall 
within the winter data array. 
Recent data for the Amazon plume at low flow (December 1982) illustrate the chemical 
behaviour of that system at a time of substantially reduced biological activity (Fig. 9). 
Phosphate shows a pronounced (80%) increase over the low salinity range where the estuary 
was vertically well mixed. The low values at low salinity may be due to adsorptive processes 
in the turbidity maximum whereas the subsequent increase can only be caused by desorptive 
reactions imilar to those seen in the winter data from the Changjiang. Nitrate shows a slight 
decrease out to 3 ppt and then conservative behaviour to 20 ppt. Silica is conservative 
throughout this region. At about 20 ppt the frontal region described by EDMOND et al. (1981) 
marks a sharp transition to nutrient depleted waters largely derived from the Para-Tocantins 
River to the south. Reconnaissance data for the Orinoco (November 1979) shows behaviour 
most like the summer Amazon (EDMOND et aL, 1981). Nitrate decreases steadily to undetect- 
able levels at 20 ppt (Fig. 10). Phosphate shows the desorptive 'shoulder' at low salinities but 
is also completely depleted by 20 ppt. (The elevated values at 16 ppt are caused by admixture 
of enriched salt wedge waters. The high phosphate concentrations above 29 ppt are from 
south of Trinidad and appear to indicate active upwelling.) The silica data show only minor 
departures from conservative behaviour. 
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TRACE ELEMENTS 
Trace elements with a wide variety of chemical properties were analyzed to establish the 
spectrum of responses to the mixing processes in the estuary. Iron is removed rapidly at 
salinities lower than 5 ppt (Fig. 11); however the values in the end-member a e low suggesting 
that additional flocculation has occurred in the relatively alkaline waters of the main channel 
itself. At higher salinities the element behaves conservatively to within the resolution of the 
data. 
Although the data shows considerable scatter, manganese appears to increase to a salinity 
of about 12 ppt beyond which it behaves conservatively (Fig. 11). The values in the shelf 
waters are about he same as in the river itself. 
Copper appears to behave conservatively throughout the mixing zone (Fig. 12) although 
the data is scattered. This was confirmed by laboratory mixing experiments using seawater 
and unfiltered river water (Fig. 12). The fluvial concentrations of 18 nmol 1-1 (summer) and 
21 nmol 1-1 (winter) are similar to the values of between 22 and 25 nmol 1-1 reported for the 
Amazon by BOYLE et al. (1982). A few low salinity samples from Sta. 11 on the winter cruise 
fall above the conservative mixing line possibly indicating alocal source of contamination. 
Nickel concentrations i  the estuary varied between 1.8 and 6.3 nmol 1-1 with significant 
desorption at low salinity (Fig. 13). Beyond about 8 ppt conservative mixing occurred; the 
high salinity waters of the shelf have about wice the concentrations found in the river. This 
behaviour was reproduced in the mixing experiments although the desorption was not as 
pronounced. The element was found to be unreactive in the Amazon plume (BOYLE et al., 
1982). 
In the river the dissolved cadmium is below the level of detection (10 pmol 1-1). However 
there is a broad and pronounced desorptive maximum centered at a salinity of about 12 ppt 
(Fig. 14). Thereafter the element behaves conservatively. Again the shelf concentrations are 
much higher than in the river. There is overall consistency with the mixing experiments. 
BOYLE et al. (1982) observed similar behaviour in the Amazon. The beryllium levels in the 
Chiangjiang are low (130 pmol 1-1) and the mixing in the estuary appears to be conservative 
(Fig. 15) although there are two points falling above the linear trend at about 15 ppt. In more 
dilute and acid streams beryllium concentrations range up to 4 nmol 1-1 and there is large- 
scale scavenging in their estuaries (MEASURES and EDMOND, 1983). Apparently, as for iron, 
the high pH and ionic strength of the Changjiang (Hu et al., 1982) induces flocculation in the 
main channel itself, upstream from the mixing zone. 
The barium data (summer) show a broad shoulder extending to about 12 ppt with con- 
servative dilution thereafter (Fig. 16). This behaviour is similar to that observed in the Mis- 
sissippi by HANOR and CHAN (1977) and is indicative of desorption from suspended material. 
The extent of the non-conservative region suggests a continuous interaction between dissolved 
and adsorbed barium out to relatively high salinities. 
Comparative data for the Orinoco (Fig. 17) show generally similar trace element behaviour 
to what is observed in the Changjiang and Amazon. Copper shows significant depletions 
relative to the conservative mixing line but nickel, cadmium, and barium are desorbed. The 
cadmium data show a very low fluvial concentration a d the broad maximum at intermediate 
salinities. This unique behaviour is accentuated bythe fact that the high salinity end-member, 
equatorial Atlantic surface water, displays the very low cadmium levels characteristic of the 
mixed layer in the open ocean in contrast to the situation in the waters over the broad shelf of 
the East China Sea. 
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CONCLUSIONS 
The chemical dynamics of the mixing zone of the Changjiang are striking in their variety. 
The vigorous turbulence in the inner estuary maintains high concentrations of suspended 
material in the surface layer to salinities as high as 20 ppt. Biological activity is thus 
forestalled at low salinity, occurring only in the tranquil waters of the shelf in summer and to 
no significant degree at all in winter. 
The river has high concentrations of nitrate presumably derived from agricultural sources. 
The phosphate levels are normal for large rivers and the element shows strong desorption 
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from particulates in the mixing zone. Phosphate rather than nitrate is the limiting nutrient for 
biological activity in the river plume, the reverse of the normal situation. Ammonia nd nitrate 
are present in low concentrations and show little systematic behavior. There is some desorp- 
tion of ammonia t low salinity. Silica is conservative except in the biologically productive 
region. There are no indications of any inorganic reactions involving silica anywhere in the 
mixing zone. The C :N ratio in the particulates decreases with the concentrations of suspended 
material. At high suspended loads (>1000 mg kg -1) the ratio is about 18. In the plankton 
blooms it is between 6 and 8. Presumably, the approximately log linear trend is caused by a 
combination of size fractionation of particles with different ratios and an admixture of marine 
biogenic material. One carbon depleted sample exhibited a C:N ratio <2 indicative of 
ammonium enrichment inthe clays. The origin of this material is not known. 
Of the trace elements, copper and beryllium are conservative towithin the resolution of the 
data. Nickel and barium show rapid desorption at low salinities and simple dilution thereafter. 
Cadmium is undetectable in the river waters. However, it displays an unusual broad desorp- 
tive maximum at about 12 ppt in the estuary. Laboratory mixing experiments reproduce the 
behavior of Cu, Ni, and Cd well, indicating that simple inorganic processes are responsible. 
Comparable f atures are observed in the Amazon (BOYLE et al., 1982) and the Orinoco. 
Calculated fluxes and areal yields are given in Table 2. The yearly input of nitrate 
corresponds to almost half a metric tonne of fixed nitrogen per km 2 of the entire drainage. 
The Amazon values are shown for comparison (EDMOND et al., 1978, 1981; BOYLE et al., 
1982; MEASURES and EDMOND, 1983). The weathering yields in the Amazon are larger for all 
species with the exception of cadmium where they are equivalent and nitrate where they are 
almost half. This is a reflection of the domination of the weathering substrate in the Chang- 
jiang Basin by marine carbonates and continental red beds and evaporites (Hu et al., 1982) 
depleted in many of the species analyzed and also of the intense agricultural activity. The high 
pH and ionic strength of the waters of the Changjiang also decreases the mobility of some 
dissolved species, e.g. beryllium and iron. 
Clearly, the estuary and plume of the Changjiang is a natural aboratory for aqueous 
geochemistry of considerable importance. The suppression of biological activity at low and 
intermediate salinities in summer and over the entire mixing zone in winter allows detailed 
investigation of inorganic processes of adsorption, desorption, and flocculation unobscured 
by the photosynthetic a tivity that dominates many other large plumes. 
Table 2. 
Net flux Amazon Amazon 
River concentration Effective river to ocean Yield mol net flux yield 
Species summer winter concentration (mol y-~) (y-~ km 2) (mol y-l) (mol y-1 km 2) 
NO3-(IaM ) 65 50 65 50 60 x 109 30 x 103 80 x 109 16 x 103 
PO43-(~tM) 0.65 0.25 (1.5) (1.0) (1.3 x 109) (680) (7.8 x 109) (1.6 x 103) 
Si(!ttM) 105 120 105 120 120 x 109 60 x 103 936 x 109 187 x 103 
Cu(nM) 18 21 18 21 21 x 106 11 172 x 106 34 
Ni(nM) 2 3 4 4 4.3 x 106 2.2 35 x 106 7 
Cd(nM) <0.01 <0.01 0.22 0.30 275 x 103 0.14 585 x 103 0.12 
Be(pM) - 150 - 150 160 x 103 0.08 1.2 x 106 0.24 
Ba(nM) 220 - 550 - 585 × 106 300 2 x 10 ~ 413 
( ) Rough estimate due to data scatter. 
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